Resistant starches are type of dietary fibers. However, their physiological effects depend on the way they resist digestion in the gastrointestinal tract. The objective of this study was to examine the hypothesis that new type of RS4 preparations, of in vitro digestibility of about 50%, obtained by cross-linking and acetylation, acts as a prebiotic by increasing short chain fatty acids content in cecum digesta. The rats were fed with diet containing pregelatinized, cross-linked and acetylated starches as a main carbohydrate source. Pregelatinized, but not chemically modified, potato starch was used in the composition of the control diet. After two weeks of experiment the increase of short chain fatty acids contents in ceceum digesta was observed. The intake of starch A, cross-linked only with adipic acid, resulted in increase of about 40% of short chain fatty acids content, whereas starch PA cross-linked with sodium trimetaphosphate and adipic acid of about 50%. The utmost twofold increase was observed in the case of the production of propionic acid. In contrast, the content of butyric acid increased (12%) only as an effect of consumption of starch PA and even decreased (about 30%) in case of starch A. Both RS4 starches caused an increase of the production of acetic acid by more than 40%. No changes in serum biochemistry, liver cholesterol and organ weights of rats were stated.
INTRODUCTION
The nutritional properties of starch in foods are to a large extent related to its availability for digestion and/ or absorption in the gastrointestinal tract. From this point of view, starch can be classified into three basic groups: rapidly digestible starch (RDS), slowly digestible starch (SDS), and resistant starch (RS) (Englyst & Hudson, 1996) . Several authors hold the view that enzyme resistant starch should be included in dietary fiber because of its physiological properties which are similar to certain fiber polysaccharides (Leszczyński, 2004; Soral-Śmietana & Wronkowska, 2004; Anderson et al., 2009; Fuentes-Zaragoza et al., 2010; Fuentes-Zaragoza et al., 2011) . Dietary fiber is a collective term for several natural components that are resistant to hydrolysis by digestive enzymes of humans; this includes polysaccharide and lignin (Napolitano et al., 2009; Fuentes-Zaragoza et al., 2010) . Not digested substances are substrates for colonic fermentation that produces short chain fatty acids (SCFAs), such as acetic, butyric and propionic acids (Napolitano et al., 2009) . A large intake of dietary fiber improves serum lipid concentration, lowers blood pressure, improves blood glucose control in diabetes, aids in weight loss and appears to improve immune function. Furthermore, increased consumption of dietary fiber reduces risk of developing coronary heart disease, stroke, hypertension, diabetes, obesity and certain gastrointestinal diseases (Anderson et al., 2009 , Dżymała-Czyż et al., 2011 . Physiological effect of dietary fiber depends on its physicochemical properties mainly on solubility. Insoluble dietary fibers are generally more resistant to colonic fermentation than soluble ones, so their physiological effect is less pronounced. There are a lot of methods for determination of prebiotic potential of dietary fiber, however, all of them are still incomplete. Most of the recommended procedures are based on determination of the growth of probiotic bacteria from genera Lactobacillus or Bifidobacterium and evaluation of the amount of shortchain fatty acids produced by them. However, there are no uniform standards for in vitro studies (Ewards et al. 1996 , Bielecka et al. 2002 , Wronkowska et al. 2006 .
Resistant starches are important components of the human diet. However, their physiological effects differ and depend on the way they avoid digestion in the gastrointestinal tract. From this point of view resistant starch has been classified into four types (Cummings & Stephen, 2007; Sharma et al., 2008) :
Type I (RS1): Physically inaccessible starch locked in the plant cell, mostly present whole grains.
Type II (RS2): Native starch granules from certain plants (i.e., potato and high amylose maize) Type III (RS3): Retrograded, crystalline, nongranular starch formed after cooking (e.g., cooked and cooled potatoes, cornflakes) Type IV (RS4): The chemically modified or re-polymerized starches. Chemical conversion, substitution, and cross-linking results in the formation of atypical linkages, and prevents digestion by blocking enzyme access. It includes dextrins, ethers, or esters.
Recently, the fifth type of resistant starch has been proposed. It includes amylose-lipid complexes which are formed especially effective in the presence of high amylose maize starch (Fuentes-Zaragoza et al., 2011) . There are commercially available resistant starch products including Hi-maize ® whole grain flour (RS1 and RS2), Hi-maize 260 ® corn starch (RS2) and Novelose ® resistant starch (Fuentes-Zaragoza et al., 2010) . Their technological applicability diminishes low water solubility and no thickening or stabilizing effect in food products is observed. There are also offered fully soluble resistant starch products Nutriose ® and Fibersol ® (ADM / Matsutani LLC) based on dextrins (Xie et al., 2006) . In spite of full solubility these products are also characterized by the low thickening capability. Consequently, there is a lack on the market of the dietary starches revealing appropriate functionality in formation of the texture of food products. Therefore, different research groups are working on novel RS4 products which seems to be the most promising in terms of formation of appropriate texture of food products (Mun et al., 2006; Xie et al., 2006; Kim et al., 2008; Zhang & Wang, 2009; Zięba et al., 2011a; Zięba et al., 2011b; Sha et al., 2012) . In our previous works we found that new type of RS4 preparations, of in vitro digestibility not exceeding 50%, obtained by cross-linking and acetylation reveals excellent rheological properties (Le Thanh-Blicharz et al., 2012) . Furthermore, in vivo studies showed no changes in diet intake, body weight gain, apparent diet digestibility, apparent protein, fat or carbohydrates digestibility in Wistar rats fed with diet containing 50% of these RS4 preparation. During that time, an increase of defecation and water content in cecum digesta as well as decrease in transit time are observed. We hypothesize that our new type of RS4 preparations, of in vitro digestibility of ca. 50%, obtained by cross-linking and acetylation, acts as a prebiotic by increasing short chain fatty acids content in cecum digesta. The aim of this work was to verify this hypothesis in the experiment using the Wistar rats. Absorption of minerals as well as glucose, triacylglyceride, and cholesterol contents in serum and liver were also determined.
METHODS AND MATERIALS
Modified starches. Two cross-linked and acetylated starches were investigated. Starch A was modified by esterification with adipic and acetic acids, according to the procedure described in detail in our previous work (Le Thanh-Blicharz et al., 2011) . Starch PA, previous to esterification with adipic and acetic acids, was crosslinked with sodium trimetaphosphate (Le Thanh-Blicharz et al., 2011) . Starch A contained 0.115±0.004% of adipic groups, 0.88±0.04% of acetic groups, and 0.0569±0.0001% of phosphorus; starch PA contained 0.117±0.014%, 0.29±0.03%, and 0.0641±0.0004%, respectively.
Commercial pregelatinized potato starch (ZETPEZET Piła Poland) was used as a fully digestible carbohydrate source.
Animals. Thirty 12 weeks old male Wistar rats with initial body weight about 340 g were purchased from Poznan University of Medical Science. Animals were placed individually in stainless steel wire mesh cages in room maintained at 21°C±2°C, on a 12 h light-dark cycle, according to internationally accepted guidelines. All animals were treated in the humane way in accordance with the World Health Organization's guideline for animal care, and the animal study design was approved by the Local Bioethical Committee on Animal Research at the Department of Animal Physiology and Biochemistry, Poznan University of Life Sciences.
The animals were divided into three groups (n=10) by randomized block design according to the weight.
One of the groups received a control diet containing pregelatinized potato starch (Table 1) , and the other 2 groups received the same diet in which pregelatinized potato starch was replaced by pregelatinized modified starch A (diet A) or pregelatinized modified starch PA (diet PA). Each ingredient in the diet was weighed and mixed. The mixture was then formed into equally sized pellets and placed into a temperature-and humidity controlled room. Each of three diet was prepared in one bath for the entire experimental period. The formulation of the diets is given in Table 1 . The rats received water and pellets ad libitum. During the experimental period, body weight and feed intake were monitored. Faeces were collected every day and stored at 5°C.
Collection of blood and internal organ samples. At the end of the test (day 14 of the experiment) and after 16 hours of starvation, the animals were weighed and euthanized by intraperitoneal injection of thiopental (40 mg/kg body weight). They were dissected to collect blood for biochemical studies and to harvest and clean their internal organs (e.g., heart, liver, spleen, kidneys, testicle) for weight assessment. Blood samples were collected into clean test tubes containing ethylenediaminetetraacetic acid EDTA, centrifuged (3500 × g for 10 minutes, 4°C), and stored at 20°C for determination of the serum lipids: total cholesterol (TC), high-density lipoprotein cholesterol (HDL), and triacylglyceride (TG).
Serum glucose and lipids profile analyses. Serum glucose, total cholesterol, HDL, and TG concentrations were determined by colorimetric methods (Clinical and Laboratory Standards Institute, 2004) using Olympus AU 560 equipment (Olympus Japan, Tokyo, Japan).
Fecal and liver tissue cholesterol concentrations were determined by HPLC method. The samples (0.5 g of homogenized liver or feces) were placed in centrifuge tubes with 3 ml of 60% KOH water solution, vortex and saponified for 60 min at 80°C. After cooling, 2 ml of 5% NaCl and 4 ml of 10% ethyl acetate in n-hexane were added and vortex. 1 ml of n-hexane layer was taken to chromatography vials and analyzed. A Merck Hitachi high performance liquid chromatography HPLC system LaChrom was used with L-7455 DAD detector and LiChroCART 250-4, Si 60 (5 μm) column. Eluent: hexane, 2 ml/min, detection wavelength: 202 nm, retention time: 40 min. Short chain fatty acid (SCFA) measurement. The short chain fatty acids contents in cecum digesta was analyzed according to Zhao et. al (2006) , using a gas chromatography (Heweltt-Packard, Germany) with a flame-ionization detector (FID) and a Supelco Nukol fused silica capillary column (30 mm × 0.25 mm i.d.; 0.25 μm). Helium was used as a carrier gas with a flow rate of 100 ml/min. The oven was initially kept at 100°C for 2 min, then heated in intervals of 10°C to 150°C and held for 15 min. The injector temperature was maintained at 220°C, while the detector was kept at 240°C. The total run time was approximately 20 min. The concentration of individual SCFA was estimated in relation to IS using a mixture of SCFA standard solutions (Supelco); 2-ethylbutyric acid was used as internal standard.
Statistical analysis. Results were expressed as a mean and SD values. All data were analyzed using Statistica Software (version 10.0 PL; Statsoft, inc. Poland). Oneway analysis of variance was used to determine the significance of the differences amongst groups, followed by post-hoc Scheff's test. A P value of less than 0.05 was regarded as significant.
RESULTS
The intake of different diets by experimental rats did not result in significant differences in their serum biochemistry ( Table 2 ). The serum glucose content was on the level of 117-128 (mg/dL), triacylglyceride 46.3-50.0 (mg/dL), total cholesterol 77-89 (mg/100ml), and highdensity cholesterol 61.4-64.6 (mg/dL). A significant increase in fecal TC excretion as an effect of resistant starch intake was observed -of about 10% in case of group fed with starch PA, and of nearly 30% in case of rats fed with diet A. However, these changes did not affect the liver triacylglyceride content which was on the level of 232-262 (mg/100g).
Similarly, the intake of different diets by experimental rats did not result in significant differences (by probability < 0.05) in organ weights of rats (Table 3 ). The ratio of the weight of heart to the weight of body was 0.28-0.3 liver 3.16-3.32, cecum 0.9-1.0, intestine 0.14-1.17, spleen 0.19, kidneys 065-0.66, and testicle 1.04-1.07, respectively.
The intake of the diet containing resistant starch resulted in significant increase of the short chain fatty acids production in the digestive system of rats (Table 4 ). The increase of the sum of SCFA was of about 40% in case of starch A and nearly 50% in case of starch PA. The utmost increase (twofold in case of starch A or more in case of starch PA) was observed in case of propionic acid. In contrast, the content of butyric acid increased (12%) only as an effect of consumption of starch PA and even decreased (about 30%) in case of starch A. Both RS4 starches caused increase of the production of acetic acid of more than 40%.
DISCUSSION
There are a lot of in vivo studies on the physiological effect of resistant starch (Björk et al., 1989; De Deckre et al., 1993; Lajvardi et al., 1993; Marlett & Longacre, 1996; Morais et al., 1996; Ranhotra et al., 1997; Vanhoof & De Schrijver, 1997; Ebihara et al., 1998; Vanhoof & De Schrijver, 1998; De Schrijver et al., 1999; Cheng & Lai, 2000; Kishida et al., 2001a; Lopez et al., 2001; Juśkiewicz et al. 2005; Satniek et al., 2005; Kanazawa et al., 2008; Anioła et al., 2009; Orzeł et al., 2009; Wronkowska et al., 2011; Lee et al., 2012) . However, the results published by different research groups are difficult to compare. It is mainly due to different conditions of experiments carried out by each group. Moreover, there is also very important but often neglected reason -the way that resistant starch avoid digestion The means in the column with different superscripts are significantly different (P < 0.05). in the gastrointestinal tract. Different types of resistant starch are characterized by different structures and physicochemical properties, so their physiological effect must differ as well. Digestibility is the most important and very often determined in vitro parameter of resistant starch products. Unfortunately, in vivo experiments almost always gives much higher than those obtained in vitro (Wootton & Chaudhry, 1979; Björk et al. 1989; Marlett & Longacre, 1996) . This pertains especially type IV of resistant starch. All protocols for the in vitro determination of resistant starch content or starch digestibility require a determination of the glucose released after hydrolysis catalyzed by α-amylase and glucoamylase (Champ, 1992; Englyst & Hudson, 1996; Le Thanh et al., 2007; Perera et al., 2010) . Other than α-1,4-and α-1,6-glycosidic bonds, i.e. bonds not hydrolyzed by amylolytic enzymes could be digested by other gut enzymes, which increases the in vivo analyses results (Clarke et al., 2007) . This is particularly in case of starch phosphates and acetates. More difficult are hydrolyzed ether bonds in hydroxypropylstarches (Marlett & Longacre, 1996; Clinical and Laboratory Standards Institute 2004) . In contrast to substitution with ester groups, crystal structure of starch more significantly affects its digestibility in vivo. Native RS2 as well as retrograded RS3 starches are digested at most in 70% (Björk et al. 1989 ).
The two cross-linked and acetylated starches were used in the presented study. The low values of their degree of substitution with acetyl and adipate groups make it so that both starches fulfill JECFA recommendations for modified starch INS 1422. Furthermore, phosphorus content in PA starch fulfill JECFA recommendations for modified starch INS 1412 (Compendium of food additive specifications, 1997). However, there are no recommendations for food uses of dual cross-linked starch with trimetaphosphate and adipic anhydride. The degree of cross-linking with adipate groups of the both modified starches did not differ, but corresponded to one cross-linking bond per 770 anhydroglucose units. The degree of cross-linking of the PA starch with phosphate groups was even lower and corresponded to one phosphate group per 2770 anhydroglucose units. That makes both starches able to dissolve in water in the temperature below 100°C. In other words, there is no need to apply sterilization to dissolve these starches. This also gives them excellent thickening capability. Investigated starches differed also in acetyl groups content which could be important in terms of their digestibility (Le Thanh-Blicharz et al., 2011) . The degree of substitution with acetyl groups of starch A corresponded to one acetyl groups per 30 anhydroglucose units, whereas of PA starch corresponded to one acetyl group per 90 anhydroglucose units. However, as it was described in our previous work, modified starches A and PA reveal similar in vitro digestibility -48% and 44%, respectively (Le Thanh-Blicharz et al., 2011) . In vivo experiment shows significantly higher digestibility, above 90%, of both starches. Nevertheless, the increase of water content in faces as well as reduction of transit time in rats fed with investigated starches are observed (Le Thanh-Blicharz et al., 2012) .
Investigated RS4 starches did not reveal significant effect on serum contents of glucose, triacylglyceride, total cholesterol, and high-density cholesterol. There was also no change in liver total cholesterol content., but slight increase in fecal TC excretion (Table 2) . Studies carried out by other research groups on the effect of feeding rats with the diets containing RS2 or RS3 pointed to their different physiological effect. RS3 increases serum and decreases liver cholesterol content in rats. It also causes increase in total steroid excretion. At the same experiment RS2 showed a similar effect as cellulose used in the control group (Chezem et al., 1997) . Other researches proved, however, that RS2 lowers plasma and liver lipids and improves mineral retention in rats (Lopez et al., 2001) . Physiological effect of RS 2 and RS3 also depends on physiological status of rats. There is no effect on cholesterol metabolism in normocholesterolemic rats fed with diets containing RS2 or RS3. On the contrary, in hypercholestrolemic animals, diets containing resistant starch decrease plasma and liver cholesterol contents (Vanhoof & De Schrijver 1998) . Cheng & Lai (2000) claim that feeding rats with the diet containing resistant rice starch results in the decrease of serum and hepatic cholesterol. However, rice starch used in this experiment contains relatively low amount of RS (maximum content of RS in the rats diet -1.8g/100 g). The decrease in total serum cholesterol and triacylglycerol contents as an effect of feeding rats with RS3 is reported by de Deckere et al (1993) . However, in relation to RS4 there are only results on starch modified with phosphate groups (Kanazawa et al., 2008; Lee et al., 2012) . Feeding rats during 5 weeks with the diet containing gelatinized potato starch of extraordinary high level of phosphorus content (813 ppm -higher than those of PA preparation used in our study) decreased serum and liver lipids contents (Kanazawa et al., 2008) . RS4 preparation modified by cross-linking with sodium trimetaphosphate added to the fodder of high fat diet-induced obese mice significantly reduced their weight gain, as well as improved their lipid profile (Lee et al., 2012) . Noteworthy is also the conclusion made by Kishida et al (2001b) , that although heat moisture treatment of high amylose corn starch increases its resistant starch content but not influences its physiologic effects in rats.
The intake of investigated modified starches did not affect the weight of internal organs of rats. It could be due to relatively short time of experiment (two weeks). However, reports of other research groups are also inconclusive. In a 4 week study with RS2 and RS3 starches, a decrease of liver weight is stated (Ranhotra et al., 1996; Cheng & Lai, 2000) . Contrary, an increase of liver and decrease of heart weight in rats fed with acid modified starch is observed (Zhou & Kaplan, 1997) . It was also found that it causes a slight increase of liver weight (Ebihra et al., 1998) .
The most spectacular effect of the intake of investigated RS4 starches, observed during presented study, was the increase of short chain fatty acids -of about 40% in case of starch cross-linked only with adipic acids, and 50% for dual cross-linked one. It is believed that SCFA play a key role in colonic health, mainly in the prevention and management of certain diseases Clarke et al., 2007; Hijova & Chmelarova, 2007) . SCFA are rapidly absorbed in the cecum and colon with only 5-10% being excreted in the cecum digesta. Acetate, the principal SCFA in the colon, is readily absorbed and transported to the liver, and therefore less metabolized in the colon (Hijova & Chmelarova, 2007) . However, some bacteria isolated from the human intestine are capable of utilizing acetate for the production of butyrate in the colon (Commane et al., 2005) . Butyrate may be more important than the other SCFAs in protection against colon cancer. Various in vitro studies have indicated that butyrate enhances differentiation of cells, affecting the expression of various cancer-related genes, and may stimulate apopto-sis of damaged cells as a mechanism for preventing their progression to form neoplastic cells . The investigated RS4 starches caused significant increase, of about 140-150%, in the acetic acid content in cecum digesta. This, however, was not associated with the increase of butyric acid content. The highest increase, of about 200%, was observed in case of propionic acid. Unfortunately, much of the knowledge concerning physiological role of propionates comes from studies of ruminants, and their metabolism in humans is less understood. It was reported that increase production of propionate may inhibit hepatic cholesterol synthesis (Hijova & Chmelarova, 2007) . It is also believed that propionate, likewise butyrate, stimulate human colonic crypt cells and are important energetic material for colonocytes . Similar to presented above differentiation in the SCFAs content is reported in the work of Wronkowska et al (2011) . In contrast to our experiment, Wronkowska et al. fed rats with the diet containing not gelatinized starches -both native as well as commercial food grade chemical modified, so the resistance to amylolysis in this experiment comes mainly from granular, crystal, structure of these starches but not from chemical modification. In that experiment, the highest increase of total SCFAs production is observed by intake of native potato starch. Chemical modification causes decrease in the sum of SCFAs production, especially in case of acetylated distarch adipate (Wronkowska et al., 2011) . It should be mentioned that acetylation of starch (alone, without cross-linking) does not affect acetic acid but decreases butyric acid production (Wronkowska et al., 2011) . During that time, it significantly increased propionic acid production. In our study, no significant differences between both RS4 starches, in the production of acetic and propionic acids were observed. In contrast, butyric acid was very efficiently produced in the bowel of the rats fed with the diet containing PA starch. Therefore, there is a negative correlation between the degree of substitution with acetyl groups and stimulation of the production of butyric acid. An effective method for the increasing of butyric acid seems to be feeding with butyrylated starch (Bajka et al., 2010) , however, this type of chemical modification has not been approved up to now (modified starches). RS2 or RS3 starches reveal positive effect on butyric acid cecal content in rats, however, no effect in case of pigs is observed (De Schrijver et al., 1999) . The above presented results indicate the need for the further in vivo studies on RS4 starches based on cross-linked but not acetylated starches.
Previously described results regarding investigated starches reveals different kinetics of in vitro hydrolyses. Starch A, cross-linked only with adipic acid reaches maximum after 4 hour of hydrolysis, whereas dual crosslinked starch after 8 hour (Le Thanh-Blicharz et al., 2011) . These in vitro observed prolongation of the time of hydrolysis could be the reason of beneficial physiological effect observed in vivo. However, this hypothesis needs the experimental verification. It could be also a recommendation for further research on the resistant starch.
